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A description of  two progellers  with  highly swept blades investi- 
gated in the Langley  8-foot  high-speed  tunnel is presented,  together 
with a discussion of the numerous a s s u p t i o m  and analyses on which the . 
'designs of these  propellers  are  based. The blades aze swept consider- 
ably d o n g  the  entire  blade  radius and, in   o rder   to  allow for  reductions 
i n  the maximu stresses,   are swept forward  inboard and backward out- 
board. The blades have been designed on the basis of the  blade-element 
method primarily to have subcri t ical   eff ic iencies   a t   the   highest  
possible  forward speed. The designs have  been controlled  primarily  by 
the  s t resses  in the blades. 

The blades have 43' of sweep at the design s t a t l o n  and  have 
NACA 16-series  sections. A t  the design  section a t  the  0.7-radius 
station,  the design lift coefficient is 0.4, the  section  thiclmess i s  
6 percent of the -chord, the  design  blade  angle i s  60°, and the   sol idi ty  
is 0.057. One of the swept blades has the same t w i s t  as that  calculated 
t o  be ideal f o r  a comparable unswept blade. The t w i s t  of the  other 
blade has been al tered t o  account fo r  the probable changes in   the  
induced ef fec ts  produced by sweeping the  blade. A descr ip t ion   i s  also 
included of an unswept blade  investigated to provide a basis of 
comparison in  the  determination af the effectiveness of sweep. 

INTRODUCTION 

Results of  numerous investigations  (reference 1, fo r  exaruple) have 
indicated that sweeping a wing back o r  forward results in  pronounced 
delays and reductions  in  the  adverse changes i n  the w i n g  characterist ics 
associated  with  the  onset of shock and separation. It might be  expected 
tha t  sweeping a propeller  blade would r e su l t  in delays and reductions 
in  the  losses  in  efficiency  associated  with  these  effects.  Propellers 
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w i t h  moderate amounts of sweep  have been investigated in Germany and 
i n  the Langley 16-foot  high-speed  tunnel  (references 2 t o  4 ) .  The 
angle of sweep used had l i t t l e  effect  on the high-speed peiformance. 

In order t o  determine the probable maximum effectiveness of using 
sweep to  delay and  reduce the losses Fa efficiency at  high subsonic 
speeds, two propellers with highly swept blades have been investigated 
i n  the Langley 8-foot  high-speed  tunnel  (reference 5 ) .  These propellers 
have been designed t o  have the highest  efficiency at the  highest 
possible Mach number. The blaaes of these propellers  are  identical 
except fo r  the 4istribution of blade  angle.  Presented  herein  are 
descriptions of the  hlades  together with a discuss.ion of the numerous 
assumptions and analyses on wbich the design of these blades is based. 
A definite  general  desfgn  procedure i s  not  presented. A description 
of an unswept blade investigated  to  provide a basis of comparison i n  
the determination of the  effectiveness of sweep is also included. 
Results for tests of th i s  propeller axe presented i n  reference 6. 

A sweep angle of a l i ne  through midpoints of chord lines of 
sections perpendicular t o  radii through  midpoints, as 
measured from radius of  a given  section  in the plane through 
radius and chord l i ne  of section ( f ig .  1) 

I 

P blade ELngle of 8 section  perpendicular to radius  through 
midpoint of chord line of section measured from plane of 
ro ta t ion   to  chord line (f ig.  1) 

r dihedral angle af a l i ne  through  midpoints of chord l i nes  of 
sections  perpendicular t o  radii through  midpoints, as 
measured from radius of a given section in a plane 
perpendicular  to that ILI w h i c h  sweep i s  measured (f ig .  1) 

D diameter of propeller, fee t  

R radius of propeller, f ee t  

r radius  to any stat ion  ( f ig .  I), feet 

b blade-sectfon width perpendicular t o   r a d i u s   t o  midpoint of 
chord l i ne  of section,  feet 

UNCLASSIFIED 
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GENERAL COWSIDEXATIONS 

3 

Magnitude and Extent of Sweep 

An analysis of the principal  factors  affecting  the performance of 
propellers w i t h  swept blades  indicates that, in order  to  obtain a very 
nearly optimum swept blade, the sweep of the various  sections  should be 
approximately bo t o  50°. The gains obtained  through the use of 
smaller amounts of sweep  would probably not justify  the  increase ~ the 
complexity of the  construction of the blades,  nor  the  increase in the 
s ize  and  complexity of  the pitch-changing mechanism requfred t o  over- 
come the greater centrifugal  pitching moments f o r  such blades. An 
analysis based on the method of  reference 7 fndlcates that the use of 
larger amounts  of  sweep requires  Fncreases i n  blade width, section 
thickness  ratio, and taper ra t io .  These changes result in reductions 
in performance greater than the increases  resulting from the  additional 
sweep. A sweep of 45O has been  selected  for the design section, at 
the 0.7-radius  station, of the blades investigated in the Langley 8-foot 
high-speed  tunnel. 

When a blade  operates st high advance ratios,   the  effective 
velocity is nearly as high for the root  sections as for the sections 
far ther  outboard. As a result, a t  high  forward  speeds  the  root  sections, 
a s  w e l l  a s  sections  farther outboard,  experience  losses in   eff ic iency 
due to  the  onset of shock  and separation. Thus, it appears that 
considerable amounts of sweep should be applied  to  sections of a blade 
near  the  root, as w e l l  as along  sections farther outboard, if the  pro- 
pel ler  i s  to  operate a t  the highest  possible  efficiencies at high 
speeds. 

General Plan Form 

Ideal  plan form. - Assuming that the flow over a swept propeller 
blade i s  similar t a  that over a swept  wing, in   order   to   obtain  the 
greatest possible delay in  the losses  in  efficiency,  with a given 
amount of sweep, and the highest  possible low-speed cruise  efficfency, 
a blade should have a f a i r l y  low solidity  (reference 8),  moderate taper 
(reference g ) ,  and should be swept back o r  forward d o n g  the   ent i re  
radius, as shown in figure 2(a). Eowever, the  use of such a plan form 
with  the  desired sweep  would result in  impractically high moments and 
stresses at the  root of the blade because of the  centrifugal  forces of 
the elements of the blade. - 

Actual  plan  f om. - Plan forms incorporating sweep  which  would have 
reasonable maXirmun stresses are shown i n  figures 2(c)  to  2(k).  A 
comparison of these  plan forms based on thorough  considerations of the 
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aerodynamic, structural ,  and mechanical  problems  involved i n  each 
resu l ted   in   the   se lec t im of the-plan form shown i n  figure  2(c) for 
the  blades'  investigated  in the Langley &foot  high-speed  tunnel. 

Theoretically,  sweepfopard is  jus t  as effective as sweepback i n  
delaying and reducing  the  losses due t o  shock and separation. Sweeping 
the  inboard  sections  sf the blade  forward and the  outhard  sections 
rearward as shown in  figure 2(b) should delay and reduce the efficiency 
loss of a propeller by the same  amount as would sweeping the  blade back 
over the entire  radius  as in the ideal  case. However, at the knee, a 
stress  concentration will develop. I n  order t o  reduce th i s   e f fec t ,  the 
lmee must be fa i red   as  shown i n  f2gure 2(c).  The faired  portion of the 
blade essentially has no sweep, and it would be expected that the  losses 
i n  efficiency  for  these  sections at high fanrard speeds would be greater 
than they would be if the blade were  swept back along the ent i re  r ad ius .  
However, as i s  pointed  out i n  the appendix, the  losses i n  efficiency 
incurred by fair ing  the knee w i l l  probably be smal l .  

General Design Procedure 

The design of the propeller was made on the basis of the  blade- 
element method, primarily t o  obtaln  the  highest  possible  subcritical 
efficiency  at   the  highest   possible Mach number. O n l y  secondary con- 
sideration was given to  the  take-off,  climb,  and 6l;ipercritical 
conditions. 

The elements of the swept blades under C~~~s ide r&t iOn  w i l l  not 
operate  independently of each  other, as i n f in i t e  span surfaces, even 
when the  sections  operate a t  subcri t ical  speeds. Also, the induced 
velocit ies normal t o  the  vortex  sheet cannot be accurately  predicted 
fo r  a swept blade  with  the  theory  available a t  present.  Therefore, 
t h e  performance of a propeller  with swept blades cannot  be estimated 
exactly. However, the use of the  bladeelement method is  regarded a s  
reasonably sound for  predicting  the  cruise perfo-ce and..the highest 
Mach numbers a t  which the  subcrit ical   efficiencies -may be obtained. 

During the aerodynamic design,  the  stresses in the blades must  be 
considered  continually,  since  the  desigus of the  blades are controlled 
primarily by these  stresses. 

The design  approach  used  herein i s  obviously not  the same as that 
generally  followed by the  designer in laying  out an 'operational 
propeller. However, it i s  suggested that the-uae Qf the  present method 
might result in the most satisfactory  operational  wept  propeller as  
well as   the most desirable  research  propeller  incorporatin@; sweep, since 
the primary  requirement far both is that the  propeller llave the  highest 
possible  efficiency  at  the  highest  possible Mach  number. The blades 
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would be  designed by a method ~ lmi la r  to that  described in the  following 
sections;  the  required thrust would then be obtained by selecting  the 
proper number of  blades and propeller  diameter; and the  correct  engine 
speed would be  obtained by selecting  the  proper  gear  ratio between the 
engine and propeller. 

In order t o  a l l o w  the  attainment of the  highest  possible power 
loading per  blade  without  resorting to a complexly balanced  single- 
bladed  propeller, two blades in  single  rotation were used for  the 
propellers investigated in   the  Langley 8-foot  high-speed  tunnel 
(reference 5 ) .  

SPECIFIC  DESIGN OF SWEPT HLAIIES AmD DISCUSSION OF DFSIGR 

Design Advance Rat io  

An advance r a t i o  of 3.  63, and 8 desi- blade angle of 60° at 
the  0.7-radius  station  (the design stat ion)  has been selected f o r  the 
desi-  condition of the  propeller to be investigated in the 
Langley 8-foot  high-speed  tunnel. 

Obviously, the advance ra t ios  f o r  propellers  designed t o  operate 
with  subcrit ical   efficiency  at   the hdghest possible forward Mach numbers 
should be f a i r l y  high,  since  the use of a high advance r a t io  reduces 
the  section Mach nunibers in re la t ion   to   the  forward Mach  number and 
thus  increases  the forward Mach number at which a giveg blade experi- 
ences losses in  efficiency  associated  with  the  onset of shock and 
separation on the  blade. The use of high advance ratios a l s o  resu l t s  
i n  a reduction of the  centrifugal  forces on a blade for  operation at 
a given  forward  speed. Thus, it d l o w s  the use of more sweep, thinner b 

sections, lower solidity, or less   taper ,  all of which  would lead t o  
improved aerodynamic performance. However, i f  the advance ratio is 
increased t o  a very high value, the  thrust  produced by a given pro- 
pe l le r  becomes relat ively small, and small decreases in the l i f t - t o -  
drag ra t ios  of the  blade  sections  lead  to very pronounced losses in 
efficiency. Thus the advance r a t i o  must be held  within  certain limits. 

Basic Blade-Width Distribution 

Design values.- In the  desi- of the  propeller  investigated 
in   the Langley 8-foot  high-speed  tunnel, a basic  blade-width dis t r ibu-  
t ion,  based on lmowledge of unswept blade characterist ics,  was f i r s t  
selected.  Corrections were then  applied to account fo r  sweep, a f t e r  
the sweep distribution had been  chosen, as w i l l  be described  later. 
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Investigations of  the solidity  of mewept propeller  blades 
(reference 10) indicate that the use of a so l id l ty  of 0.04 at the 
design  station results i n  very  nearly the optimum subcrit ical  perform- 
ance, and f o r  the thickness  ratios  eelected  there i s  l i t t l e  tendency 
for  an unswept blade w i t h  such a solidity  distribution t o  vibrate. 
This value has been selected for the s o l i d i t y   a t  the design station of 
the basic width distribution of the swept blade. The widths at other 
radial stations are presented i n  figure 3 .  The  basic blade-width 
distribution has a uniform taper along the  outboard  sections  such that, 
far  the plan form maae up of extensions of the uniform taper, the chord 
at the t i p  is 0.4 the chord a t  the 0.5-radius  station. The basic plan 
form is untapered from the spinner surface  to  the 0.5 radius  station. 
The plan form i s  faired at the 0.5 radius  station and t i p   a s  shown i n  
figure 3. 

Effect of taper ra t io . -  Because of severe adverse pressure  gradients 
on the outboard  sections and an outflow of the boundary layer, it would 
be expected that the f l o w  over the t i p  sections of a swept blade would 
separate earlier than would the flow on a similar unswept blade, when 
the section angle of attack is increased.  Results of wing investiga- 
tions  (reference 7, fo r  example) indicate that reducing  the taper would 
minimize t h i s  effect .  However, in order to reduce the stresses a t  the 
knee t o  reasonable  values, it has been decided to accept  reductions i n  
the' take-off performance a d  t o  use a fairly high degree of taper as 
was used on the unswept blade of reference u). 

Blade Sections 

General.- The sections at all the stations of each of the  blades 
have been l a i d  out  perpendicular t 9  the radii which great ly   faci l i ta tes  
the ove r -a l l  design problem. PSACA 1.6-series sections were selected. 
These sections are particularly su i ted   to  swept propellers since they 
have more cross-sectlonal area near t he   t r a i l l ng  edge than do NACA low- 
drag  sections. This thicker   t ra i l ing edge reduces the maximum stresses 
that occur i n  this region  of swept blades. The  two swept blades have 
identical  sections at equal radii. 

Thickness rat io . -  The thickness ra t ios  of the various sections of 
the blades are  indicated in figure 4. A t  the design statlon the thick-  

0.27-radius  station,  to 0.03 a t  the 0.9-radius  station. 
. ness r a t i o  is  0.06, and varies from 0.10 at the -spinner  surface, the 

The resu l t s  of numerous tests of a i r foi l   sect ions made near and at 
sonic  speeds  indicate that decreasing the thiclmees ra t io  greatly delays 
and reduces  the  losses  in the section  lift-to-drag  ratios  associated 
w i t h  the onset of shock and separation. Obviously, t o  delay and reduce 
the  losses i n  efficiency of a propeller  operating a t  high  forward 



speeds, the  thickness  ratios  for  the  various  sections should be as low 
as structurally  possible.  
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N e a r  the t ip ,   the  loads tending t o  bend the propeller  about  the 
maJor axes of the  sections w i l l  be relat ively small and the  thickness 
ra t ios   for  these sections  should be reduced to very small values t o  
obtain  the highest possible  l if t- to-drag  ratios.  Such reductions i n  
the  thickness   ra t ios   for  the t ip   sec t ions  w f l l  a lso  reduce the bending 
moments at the knee produced by the ,moments of the centrifugal  forces 
of the  outboard  elements. A t  s ta t ions  fur ther  inboard, s t ructural  con- 
siderations  dictated the use of thicker  sections. 

Propellers  designed in the  future with less conservative  struc- 
tural factors  of  safety  should  probably have  lower thickness  ratios at 
the knee, since such reductions  in  the  thickness  ratio  for  these 
sections w i l l  probably produce a mch greater increase i n  efficiency at 
a given high forward speed than would other design manges  that  could 
be made with  the same reduction  in  the  factor of safety. 

Camber.- It has been fomd that a design lift coefficient of 
approximately 0.4 at the design section yields the most satisfactory 
subcri t ical  performance f o r  an unswept blade (reference ll), and such 
a camber has been chosen for  the  design  section of the swept blades 
investigated in the Langley 8-foot high-speed tunnel. The dfstribu- 
t i o n  of camber along the  radius of the  swept-blades  has been selected 
so that the product of the  incompressible design .lift coefficient times 
the  basic chord is  the  value  required  to  obtain  the  Betz  loading  for 
minimum induced losses  at the  design  condition, assuming each  section 
operates a t  i ts  design l i f t  coefficient. 

Sweep Distribution 

Ideal distribution.-  If the blade i s  designed properly,  the dis- 
t r ibut ion of sweep should have l i t t l e   e f f e c t  on the subcri t ical   cruise  
performance of a swept propeller. In the selection of the sweep, 
therefore,  the  attainment of the higbest possible Mach  number at which 
low-speed efficiencies may be obtained with a given maxfmum stress has 
been the  exclusive  consideration. This resu l t  can probably  best be 
accomplished by selecting the sweep dis t r ibut ion such that each of the 
sections  experiences  increases i n  drag and losses in  l i f t ,  and thus 
decreases in  efficiency,  simultaneously. 

If it is assumed that the  various  sections  act as portions af 
infinite-span  surfaces and the  force-break Mach number i s  a l inear  
function of t he   c r i t i ca l  value,  such a sweep distribution would be 
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obtained by selecting  the sweep so that the  following  factor is constant 
for  the  various  sections: 

where 

MC, 

A 

W 

Vf 

sect ion  cr i t ical  Mach number, i n  a flow  perpendicular to   the 
locus of the 50-percent-chord stations 

local  sweep angle. 

resultant of rotational and axial velocit ies 

f o m r d  velocity 

The basic sweep distribution  for  the  blades at the  design  condition 
has been selected by using such 8 method. The radial distributions of' 
sect ion  cr i t ical  Mach number M,, and ra t ios  of  local  velocity  to 
forward velocity W/Vf used  and the  distribution of sweep obtained  are 
shown in  f igure 5 .  Tkieee distributions were obtained for  the  design 
advance r a t io  of 3.65 and the spanwise distribution of thickness and 
camber for  the  design  sections parallel with the air streem as shorn in 
figure 4. It was assumed that all sections  operated st the  design l i f t  
coefficient. 

This sweep was applied t o  the  loci  of  the  50-percent-chord 
s ta t ions of  the  design  sections  in  order t o  simplify  the  structural 
problem. As pointed  out  previously,  the sweep has been applied as 
sweepback along the  outboard  portion of the  blade, sweepforward along 
the  inboard  portion.. The c r i t i c a l  forward Mach number has been calcu- 
la ted t o  be 0.84. 

The lmee. - To delay  the  onset of strong shock losses   a t   the  knee 
to  the  highest  possible forward Mach  number, the knee should be placed 
as  far inboard as possible. However, th i s   l eads   to  a reduction of the 
effective aerodynamic sweepforward of the  sections between the knee and 
the root  (see  appendix). It i s  apparent  that,  to  obtain  the highest 
possible  efficiencies a t  high  forward speeds,. a s  w e l l  as &he highest . 

possible speed at which low-speed efficiencies  are  obtained, a com- 
promise knee position must  be selected. The s t ructural  problem m e t  
a lso be considered in  the  selection of the knee location. Mter making 
a complete stress  analysis  for  several kuee locations, it has been 
decided that, for  the  propeller blade t o  be investigate&-at  the 
Langley 8-foot high-speed tunnel,.  the approximate optimum knee location 
on the basis of aerodynamic and structural  considerations  (reference 7) 
i s  such that   the p i n t  of zero  actual sweep i s  at  the  0.5-radius  etation. 

. 
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It is probable tha t  the optimum location  for  other  propeller  blades 
will be a t  o r  near   this   s ta t ion.  

9 

The knee is designed  such that the  locus of the midchords of t he  
design  sections i s  a circular   arc  w h i c h  is tangent t o  the i d e d  sweep- 
back and sweepforward. For  both  the  leading and t r a i l i n g  edges, the 
radii of the knee a re  equal t o  one-half the width of the  blade at the 
0.5-radius  station. The actual sweep dis t r ibut ion is shown in figure 6. 
The radius of the  arc  has been selected so that the maximum stress a t  
the   t ra i l ing  edge of the sec t ion   a t  the plane of symmetry of the lmee, 
or  at   the  point where the sweep fs zero, is  the same as  the stresses 
at the t r a i l i n g  edges of  sections  just  outboard the knee f o r  the design 
condition. 5 s  procedure effectively elhinates stress  concentration 
at the knee, which probably results i n  the most ef f ic ien t  use of the 
blade structure for the  design  condition; that is, the  blade  theoreti- 
cal ly  has the  best aerodynamic characterist ics f o r  a  given maximum 
s t ress  at t h i s  condition. 

Effect of blade-angle change on sweep. - When the pitch of the 
swept blade is changed from the design  value, the sweep angles at the 
variogs s ta t ions change; f o r  example, w h e n  the  blade angle i s  reduced 
by 30 from that f o r  the design  condition,  the .sweep angles are  
a l tered by approximately -Eo, -6O, -lo, Oo, F d  5' f o r  the O.g-, 0.75-, 
0.62-, 0.5-, and 0.27-raaus stations, respectively. These sweeps w e r e  
calculated by the method of reference 7. 

RevLsed Width Distribution 

Corrections f o r  sweep.- Assuming that each section  operates as a 
portion  of an infinfte-span  surface and that the  sections of the swept 
blade all operate a t  the design  angles of attack, the actual l i f t  
coefficients  for each of the  sections w i l l  be reduced below the design 
values by a factor  equal  to approximately the reciprocal of the  cosine 
of  the sweep angle. To obtain the same thrust  loading and the same 
th rus t   for  a given  condition f o r  the swept blade as f o r  the optlmum 
unswept blades, on which the basic width dis t r ibut ion was based, the 
chords of the various  sections of the  basic blade-width dis t r ibut ion 
have been  increased by a factor equal to the reciprocal of the cosine 
of the loca l  sweep angles. The corrected blade-width dis t r ibut ion is 
shown i n  figure 3. The geometric so l id i ty  of the swept blades at the 
design section w i l l  be equal t o  0.04 times the  reciprocal of tbe cosfne 
of 45' or  0.037. 

The use of the design blade width chosen should resu l t  in f a i r l y  
good subcri t ical  performance, i n - a  hfgh take-off thrust, and i n   l i t t l e  
tendency toward vibration. The maximum stresses iu the  blade, which 
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are  an indired  l inear   funct ion of  the  solidity of the blade, are 
reasonable  within  the  blade  widths chosen. 

In the deSign of a propel ler   to  be used on an operational  aircraft, 
the  solidity may have t o  be increased t o  a value  greater  than  that used 
for  the present  design i n  order to  obtain  the  required  thrust. However, 
the increase w i l l  probably resul t  i n  a reduction  in the efficiencies 
a t  both  subcritical. and supercrit ical  speeds.  Increases i n  power for  
a swept propeller should be obtained by increasing  the  propeller 
diameter o r  number of blades  rather  than by increasing  the  blade 
so l id i ty  i f  possible. 

Width of knee. - the method described in the pre.vTous pamgraphs, 
the  hlade w i d t h  a t  the knee has been determined by using  the  ideal 
sweep as described i n  the  subsection  pertaining  to sweep. When the 
blade width a t   t h e  knee i s  selected on the basis of t h i s  method, the 
loading at the knee vill be greater  than that for   the ideal distribu- 
t ion,  although, because .of the loca l  induced. ~ ' ~ Q W E T ,  the loading on 
these  sections of the swept blade w i l l  be considerably less than those 
predicted by assuming that the  sections  aperate  independently.  Experi- 
mental  information which is not  available at present would be required 
i n  order to  obtain-the  ideal  loading on the swept blade. 

Advantages of w i d e  knee. - The u,se of the relat ively wide knee 
obtained  through  the  process  selected  results.in large increases  -in 
the moments of iner t ia  about the various axes of these knee sections 
and thus a smaller lmee radius is required t o  reduce the maximum 
stresses at the t r a i l i ng  edge of  the knee t o  the same values as those 
in  sections just outboard the knee. Also, the u8e of a wide  knee 
decreases  the  radius of cu rva tu re  af the knee in   the  maxfrmun thickness 
region for a given  radius of curvature a t   t h e   t r a i l i n g  edge, which is 
the pr- factor  controlling the magnitude af the stress concentra- 
t ion  at the knee. Thus, the use of the wider knee resul ts  i n  a reduc- 
t ion  of the  relative  extent of the  region of the  blade which is  
effectively unswept for  a giten maximum stress. 

" 
.. . 

- .  

The uee of the wider blade a t  the knee leads to an increase in 
w e i g h t  ahead of the pitch-change axis, which resul ts  in a more satis- 
factory placement of the knee from aerodynamic considerations when the 
position of the knee is selected  to  obtain  zero bending moments about 
an axis perpendicular t o  the  ideally  located  pitch-change axis as 
described  previously. 
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BZade-Angle Distribution 

IL 

Distribution f o r  first swept blade.- In the design of the cambered, 
s t ra ight  unswept propellers  previously  investigated in the Langley 8-foot 
high-speed tunnel (reference E), the radial blade-angle  distributions 
have been selected so that, theoret ical ly  at least, the various sections 
of a blade would operate at the des ip  angles of at tack at the design 
condition. These blade-angle  distributions were determined  by  using 
reference 13, which is based on the  Eetz  ideal loading f o r  a l i g h t l y  
loaded  propeller. A blade-asgle  distribution  obtained through the use 
of this method hzs been applied  to  the f i rs t  of the swept blades 
(fig. 7). 

The resu l t s  of both  theoretical and experimental  studies  indicate 
that the induced flows around swept  wings are  not  the same  as those 
around unswept w i n g s .  When a wing i s  swept back, the induced d o m a s h  
increases near the  root  sections and decreases near the t i p  sections, 
whereas the converse is t rue wfien a w i n g  is swept forward.  (See refer-  
ence 14.) Because of the high  advance-ratio and large  spinner  size of 
the  propellers  being  considered, it would be expected that the induced 
f lows  around the swept blade would be altered in a manner similar t o  
that f o r  swept wings. It would be exgected that the iuduced velocit ies 
normal t o  the vortex  sheets of the swept blades at the  root and t i p  
would be l e s s  than those predicted using the Betz theory for a shilar 
unswept blade,  while the induced veloci t ies  a t  the h e e  would be greater 
than  those f o r  an unswept blade. Obviously, twisting the swept blade 
by the amount required to have each of the  sections of an unswept blade 
operate at the  design  angles of attack will not result in a s-imf7nr 
condition f o r  the swept blade, even.if  the design load dist r ibut ion on 
.the swept blade i s  the same as that on the unsxept. 

The.aagles of attack of t h e   t i p  and root  sections will be greater 
than the design  angles at the  deslgn  condition. The resu l t s  of the 
wFng  investigation of reference 1 indicate that this factor w i l l  
probably  lead t o  increases €n the  subcrit ical   profile-drsg  coefficients 
f o r  these  sections. It w i l l  also lead to  increases  Fn the induced losses, 
since  the minimum induced losses  are  obtained wLth the Betz loading  for 
the swept, as w e l l  as f o r  the unswept blades. This factor  would also 
lead  to  increases in  the Initial severe  separation in these regions f o r  
the high thrust coefficients at the take-off and climb conditions. 

The load carried by the knee sections of the swept blade w i l l  be . 
greater than that required  to  obtain  the ideal Betz loafing because of 
the increased blade width i n  this region, which w i l l  result in an 
increase. in the induced loss above the  ideal minimum. The general 
induced effect   associated with blade sweep w i l l  reduce the excessive 
load at the knee, and thus the load  distribution will approach the ideal  
more closely. This induced ef fec t  w i l l  a l s o  further reduce the angles 
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of attack  for  these  sections below the design  value at the design 
operating  condition. However, the results of .the w i n g  investigation 
of  reference I indicate that these reductions  should have l i t t l e  effect  
on the subcritical  profile-drag  coefficients for these  sections. 

It appears that the maximum subcri t icd  eff ic iency of  the swept 
blade w i t h  the same twist as the unsvept blade will probably be af'fected 
only s l igh t ly  by the  variations i n  the induced velocities  associated 
with sweep.  However, the take-off and climb. performance might be 
adversely  affected by these  variations. 

Distribution  for second prqpel1er.- To obtain more accurate 
indications of the  most satisfactory blade-e dis t r ibutfon  for   the 
swept propeller under consideration and the corrections that must be 
applied  to  the blade-element theory  in  the  desigu of swept propellers, 
another blade design  with a distribution  selected such that each of the 
sections  operate more nearly at the design  angle of attack will be 
investigated. For the second blade, the blade-angle distribution of the 
first swept blade has been al tered by applying, at  a uniform rate, three 
degrees  of washout from the 0.5-radius  station  to the spinner  surface 
and t o  the t i p .  The washout haa been applied so that the  blade angle 
a t  the  design  station at the  design  condition remains unchanged. The 
radial blade-angle distrfbution is shown in figure 7. 

The blade-angle- distribution  required  to have all sections operate 
at the i r  design  angles at the design  condition  cinnot be calculated 
exactly  using  availsble  theory, even when the effec t  of the knee is 
disregarded. However, an estimate of this distribution can be obtalned 
by correcting the required  distribution  for the straight blade on the 
basis of the  theory of the induced f l o w  around swept xinge  (reference 14) .  
Because of the high advance rat io ,  such an estimate should be f a f r ly  
accurate. The uniform twists incorporated approximate the twist 
estimated t o  be needed using such a method. 

The over-all cruise and  high-speed characterist ics should be only 
slightly  affected by t h i s  change in twist; however, the additional 
twist applied t o  the second swept propeller should  reduce the probable 
ini t ia l   separat ion at the root and t i p   r e g i m e  at high thrus t  coeffi- 
cients for take-off and climb, and thus, w i l l  probably improve the 
performance of the  propeller w i t h  these blades at these conditions. 

Conditions away from design.- Obviously, as w i t h  strai&t blades, 
when the swept blade is rotated away from the  design  orientation about 
the pitch-change axis, the pitch distribution w i l l  change. However, 
the variations of the  blade a n g l e s  for the various sections of the 
swept blade when the blade is  rotated will not be the same as the angle 
of rotation. The actual b l a d e - w e  changes f o r  the various sections 
can be calculated by using  the  equations  presented in reference 7. The 
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magpitudes of the al terat ions of the  blade-anae  distribution  for the 
swept blades from those that would be  determined f o r  similar straight 
blades, when the  pitch is reduced by 30' from the  design  condition, are 
approximately 20°, go, 0.lo, Oo, and -Q.3O at the '0.90-, O . n - ,  0.62-, 
O.5O-, and  0.2'j"radius stations,  respectively. 

Because of the  special   orientation of the  blade elements for  the 
design  condition as described later in the paper, the centrifugal and 
aerodynamic forces will have l i t t l e   e f f e c t  on the effective pitch 
dist r ibut ion f o r  th is  condition. However,  when the blade  operates at 
conditions away from those of deeign, these factors may considerably 
al ter   the   pi tch  dis t r ibut ion.  These changes in the pitch dist r ibut ion 
may be calculated  using the method pres-ted in reference 7. 

The dihedral  distributlons f o r  the design condition of the swept 
blades investigated in the Langley &foot high-speed tunnel  are 
shown in  figure 8. The dihedral used was  selected  to  reduce the 
bending moments about the major-axes of the minimum sections  for the 
design blade angle and  advance r a t io  at the design-tunnel Mach  number 
of 0.85 by using the method described i n  reference 7. An analysis Or 
theageometry of a swept blade indicates that, if  the elements of the 
blade  are  oriented In the proper manner, the bending moments about the 
major axes of a l l  the mimuat sections may be eliminated. Since  the 
blade sweep angles for each position along the radius for a given  design 
are  fixed, it follows that the only variable that can be changed t o  
.obtain this  proper  orientation is the dihedral. The moments may be 
eliminated  for  only one operati-ng  condition. Hauever ,  this procedure 
generally  reduces the mments fo r  most other  operating  conditions. 

The use of dihedral may produce adverse effects,  however,  which 
may be more  important than its advantages. The dihedral  required may 
be SO large that the aerodynamic aad structural   charecterfstics of the 
blade would be altered. Such al terat ions might severely reduce the 
performance of the propeller. In the  case of the propeller  tested 
in the Langley 8-foot  high-speed  tunnel, the dihedral required  to 
eliminate the moments about the major axes of the sections along the 
portions of the blade w i t h  re la t ive ly  uniform sweep have been applied. 
However, the d i h e d r a l s  required t o  elfmfnRte the maments a t  the knee 
were f a i r l y  large. Since the effec t  of this large dihedral on the 
performance was unknown, it was reduced, and mall- stresses about the 
major axis at the knee were accepted. These stresses were not  large . 
enough t o  limit the f Fnal design of the  propeller, however. 



14 

Shank 
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The mechanism used t o  a d j u s t  the pitch of the  blade is similar 
t o  that used fo r  previous  investigatlons of propellers in the 
Langley 8-fwt high-speed tunnel. It consists of a shank a a  shown In 
figure 9 vhich i s  clamped into  the  spinner of the dynamometer. The 
shank or   pi tch axis has been placed so that it passes through the 
spinner  surrace a t  approximately  the  25-percent-chord s ta t ion of the 
root  section 0.5 inch below the chord l i ne  of this  section. 

With this  location of the shank the moments about axes perpendicu- 
lar t o  the pi tch  axis  are eliminated f o r  the design  condition 83 
described i n  reference 7. The use of such a location w i l l .  have l i t t l e  
effect  on the moments about the pitch axis. This moment will be 
a p p r o x e t e l y  3lOO inch-pounds at the design  condition  far the blades 
investigated i n  the Langley 8-foot  high-speed tunnel. This mament 
w a s  determined using the method described i n  reference 7. 

The position of the knee has been selected so that the  position of 
the shank based on the above requirement i s  very near  the leading edge 
oFthe  root  sections.  This reduces the stress concentrations at the 
knee and at the root  for a given blade design by reducing  the  displace- 
ment of the knee with respect t o  the root. This e f f e c t   i a  probably ' 

great enough to  justify  the  increase in the problems of fa i r ing the . 
root of the blade into  the  spinner  for  various  pitch  settings  associated 
with such a placement. 

Model B l a d e s  

The blades  investigated in the Langley 8-foot high-speed tunnel 
have been machined from sol id  76s-T aluminum al loy.  Front and 
side views of one of the swept blades  for  the  design  condition  are 
presented i n  figure g(a) .  A plan v i e w  of the blade i s  shown i n  
figure g(b).  The diameter of the propellers at the design  conditions 
Kith these blades w i l l  be 4 feet. When the swept blades are rotated 
from the design condLtion, the diameters of the propellers with  these 
blades change; when the blade  angle is reduced by 30°, the dlameters 
of the  propellers are increased by approximately 3.7 percent. This 
difference was calculated 'tjy using the method presented in  reference 7. 

The blade  surface is  extended below the surface of the  spinner at 
the t r a i l i n g  edge 1.0 inch  for the design  condition 80 that the faired 
surface i n  this region  extends  to the spimer a t  moderate blade angles. 
However, at low blade angles, a gap exis t s  near the t r a i l i n g  edge of 
the juncture. 



MlLCA RM L50A23 

Stresses 

The construction  material. used, 76s-T alumhm al loy ,  has 8 

specific weight of  0.11 p o d  per  cubic  inch. For the  probable 
maximum tunnel Mach nmber of 0.93, the  tunnel-stream dynamic pressure 
is  720 pounds per square  foot and the ro t a t iona l  speed is 72.0 revolu- 
t ions per second f o r  the design advance ratio. By use of these values 
with  the method of reference 7, it has been calculated  that, wfth the 
design load distribution,  the stress a t   t h e   t r a i l i n g  edge of the  blade 
i n  the  region at and near  the lmee will be  approximately 20,000 pounds 
per  square  inch. The stresses in a l l  other  parts of the  blade have 
been calculated  to  be considerably  less than the value f o r  this region. 
"his value i s  appro-tely equal t o  one third the minimum yield 
strength of 60,000 pounds per  square  inch for the 76s-~ a l l o y .  

Further  calculations  indicate that al terat ions of the  various 
operating  conditions,  except f o r  ro ta t iona l  speed, have o n l y  secondary 
effects  on the maximum st resses   in   the b l ee .  Obviously, the  s t resses  
are  functions of the square of the rotat ional  speed. The rotat ional  
speed for  take-off aud climb conditions  should not exceed the  value at  
t h i s  high-speed condition,  and  the stress obtained at these  conditions 
should  not  exceed  the above value; however, at  high speeds the  pro- 
pel ler  may operate at lower advance ratios than  the  design  value. 
Obviously, the maximum stress will be greater than 20,OOO pounds per 
square  inch f o r  these  cases. 

~n or& t o  provide a basis of camparison in the  determination of 
the  effectiveness of sweep in delaying and reducing  the  losses in 
propeller  efficiency a t  high  subsonic  speeds, an unswept blade, similar 
t o  the swept blades, has been investigated i n  the Langley  8-foot  high- 
speed tunnel  (reference 6). The blade i s  shown i n  figure g(b). All 
sections of the blade  are the same as  those of the two swept blades 
( f ig .  3); the blade-width d is t r ibu t ion   i s - the  same as the  basic  blade- 
width dis t r ibut ion  for   the swept blades  (fig. 4) and the blade-angle 
dis t r ibut ion is the sane as that f o r  t h e   f i r s t  swept propeller 
( f ig .  7). No dihedral was applied to the unswept blade. The maximum 
s t ress  in this blade at a given  operating  condition is  considerably 
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less than that in the swept blade. This unmept blade has been 
designed t o  produce the same thrust a8 the swept blade at the design 
condition. 

Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Air Force Base, Va. 
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Ts3re-Off and Cllmb Conditions 

The resu l t s  of investigations of swept w i n g s  indicate that, when 
the  sections of the swept propeller blade operate a t  high angles of 
a t tack   for  low speeds, as they usually do at the take-off or climb 
condition, the separation on the t i p  and root  sections will be con- 
siderably more severe  than that predicted on the basis of in f in i te -  
span data. These e f fec ts  are due t o  a thickening of the bounda;rg layer 
i n  these  regions produced by an outflow and inflow of the boundaxy- 
layer air along the sweptback and sweptfomard  portions of the blsde  asd 
t o  very severe  increases in  the peak pressures at the leading edges of 
these  sections,  associated w i t h  the induced flows. 

. On the other hand, the wing data indicate that separation on the 
swept sections near the a e e  m y  be delayed t o  higher lift coefficients 
than those a t  which separation  occurs on Fnf&ite-qan  sections due t o  
a thinning of the boundary layer and a reduction of the peaks near  the 
leading edge f o r  these 'sections. 

The Cr i t f ca l  Condition 

The pressure measurements made on and behind the sections of the 
w i n g  with  various amounts of sweep in   the Langley 8-foot  high-speed 
tunnel  (reference I) indicate that, for sections of the swept blade 
outboard of the lmee and between the lmee and the  root,  the separation 
associated with the onset of shock should  probably  occur at speeds 
slightly less than those predicted on the basis of infinite-span theory. 
The differences w o u l d  probably be due t o  reductions of the effective 
sweep of the elements of the blade in these. regions  associated w i t h  the 
flow around the finite-span  surfaces. 

Because of the  presence of a region of re la t ive ly  high induced 
velocities near the  leading edge of the root  sections  (indicated by 
unpublished wing data)  separation  should occur on these sections at 
much lower speeds than  those  speeds  predicted on the basis of the 
infinite-span theory. 

The c r i t i c a l  Mach numbers f o r  sections  near  the  center of the knee 
should be smewhat less  than  those f o r  an infinite-span surface w i t h  a 
sweep shilar t o  that of the blade near the knee, although  they  should 
be considerably  greater  then  those for a two-dimensional unswept section. 

. 
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Pressure data obtained on the root  sections of a swept w i n g  without a 
fuselage  (reference 1 3 )  indicate  that a n o m  shock  should form on the 
knee at a Mach number s l igh t ly  greater than the c r i t i c a l  Mach number 
of this  region. Because  of a s tabi l izat ion of the  boundaq  layer  in 
this region, separation  should  not  occur Kith the inftial omet  of this 
shock. This s tabi l izat ion of the boundary layer, would be assocfated 
with the spanwise vsri8tion.s of the lateral pressure gradients. These 
variations  near the knee should  probably be considerably less than 
those  present  near  the  wing-fuselage  juncture on the wing of refer- 
ence I, and thus it would be  expected that the s tabi l izat ion  in   the 
present  case  should be less pronounced than that indicated  for  the same 
region af the w i n g .  

A study of the probable flow over "he bee based on these assump- 
tions  indicates that the speed at w h i c h  the flow over the  sectfons at 
the. center o m  actual knee separates due t o  the  onset of ahock should 
be  somewhat greater  than the speed at which such a change would occur 
for a two-dimensional section, but somewhat lese  than that at which the 
losses would occur on such a section with the same sweep as have the 
sections  near  the knee. 

Supercrit ical  Condition 

Further  study of the flow  over the swept wings of reference 6 
fndicates that the sections  near  the t i p  should  probably  experience 
much  more severe  separation due t o  the presence of a ahock than would 
similar infinite-span  sections,  primarily because of a destabilization 
of the boundary layer i n  this region  associated w i t h  an outflow of the 
separated boundary layer of sections further inboard. This outflow is 
associated w i t h  the spanwise pressure  gradients as it i s  for   the wing. 
It would be accentuated by the centrifugal  action on the  par t ic les  in 
the  boundary layer Fn the case of a propeller. Because of i d l o w  of 
the boundary layer on the  sweptforkrd portion of  the blade, the root 
sectfons of the swept blade should also experience v e r y  much larger 
increases in  the  separation  than do similar illfinite-span  sections. 

The data obtained on the swept wings of 'reference 1 indicate that 
separation at the center of the knee should be more severe than f o r  
infinite-span  sections with the sweep of sections  near the knee, but 
be considerably less than that on unswept infinite-span  sectfons. 

When the Mach number for the knee sections approaches and exceeas 
a value of 1.0, the  increases  in the drag coefficiente  for these 
sections may be severe because of a large increase in the strength of 
the normal shock near  the  trail ing edge and the  onset of a bow dock  
ahead of  the knee. 
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Roiection of locus of chord 
midpdnis on plane formed 
b chord Itne and radius to x c r; ord  midwint-, Retaiive resultant s e c f t o n  veloc i ty  
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Figure 1. - Illustration of b . d e - s k c t i o n  orfentation and definitions of 
symbole. X-X, Y-Y, and Z-Z are orthogonal axes. 
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Figure 2. - General plan forms coneidered. 



NACA 

.I .E .3 -4 -5 -6 -7 .6 -9 
Blade &ufion, t-/A 

Figure 3.-  Radial distribution of section width. 
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Figure 4.- Radial dist r ibut ion .of section camber and thickness. 
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Figure 5.  - R a d i a l  distribution of sweep design parameters. 
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Figure 6.- Actual radial distribution of sweep. 
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Figure 7.- Radial dfstribution of blade angle. 



28 RACA RM L50A23 

Figure 8.- Radial distribution of dihedral. 
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(a) Plan and front view o f  highly swept propeller blade. 

Figure 9. - Model propeller blades. - 
' I  
I 
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(b) Plan and front view of compazable  unawept propeller blade. 

Figure 9. - Concluded. 
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